A genomic library of Cfustridium sp. ('C. lungispurum') ATCC 49440 in the host Escherichia coli was screened for endo-P-glucanases, and plasmids pCM64 and pCM4 were isolated. The nucleotide sequence of a 3620 bp fragment was found to contain a 1548 bp open reading frame (ORF), termed cefA, which encodes an endo-(l+4)-P-glucanase, CelA, assigned to family A4. N-terminal amino acid sequence determination revealed that pCM64 encoded the full-length cefA gene, including a signal sequence, while pCM4 carried a 5'-truncated cefA gene expressed as an N-terminal fusion protein, CelAAN', without a signal sequence. CelA was secreted into the periplasm in E. coli. In this organism, proteolytic cleavage of CelA at or near a putative linker region resulted in the appearance of two active polypeptides of molecular masses 57 and 47 kDa. The former was the full-length enzyme, while the latter consisted of the catalytic domain from which the cellulose-binding domain (CBD) had been removed (CelAACBD). The intracellularly-located CelAAN' was not subject to proteolytic degradation. The pH and temperature optima of CelA were pH 4.8 and 43 "C, respectively. CelA hydrolysed barley P-glucan, lichenan, carboxymethylcellulose and xylan. It showed preferential activity against the larger cellooligosaccharides (cellohexaose and cellopentaose) ; cellotetraose was the smallest substrate degraded completely.
Introduction
Analysis of the structural and functional aspects of cellulose degradation by cellulases is of great interest due to the potential use of the abundant and renewable substrate for man-made purposes. A large number of cellulase genes have been cloned and their products analysed in heterologous hosts. The comparison of their DNA and amino acid sequences has provided much insight into the structural and functional aspects of these enzymes, and into their distribution in cellulolytic organisms (Beguin, 1990) . Endo-and exo-P-cellulases have been assigned to six broad families according to hydrophobic cluster analysis of their catalytic domains (Gilkes et al., 1991a; Henrissat et al., 1989) . Many *Author for correspondence. Tel. $27 21 650 3270; fax +27 21 650 4023; e-mail jatcu micro.uct.ac.za.
Abbreciations : CBD, cellulose-binding domain : CD, catalytic domain ; CMC, carboxymethylcellulose ; NRF, non-rumen fluid.
The GenBank accession number for the sequence reported in this paper is L02868.
cellulases were found to have a modular structure, comprising a catalytic domain (CD) linked to a cellulosebinding domain (CBD) by a linker region . Other functional units have been identified in some cellulases that are required for the assembly of these enzymes into a large multi-protein complex, the cellulosome (Tokatlidis et al., 199 1) . Two different strategies for cellulose degradation have been identified in bacteria and fungi. Some bacteria have cell-wallattached cellulosomes which can be released into the medium under certain conditions, e.g. Clostridium thermocellum and Butyrivibrio Jibrisolvens (Lin & Thomson, 1991) ; other bacteria, for example Cellulomonas, and fungi such as Trichoderma reesei, make use of unassociated or transiently attached cellulases that do not form stable, high-molecular-mass complexes Wood, 1992) .
Here we report the first cloning and genetic analysis in Escherichia coli of a gene from the rumen bacterium Clostridiuin sp. (' C. longisporum '). The celA gene encodes an endo-( 1 -+4)-P-glucanase (EC 3.2.1 .4), CelA, which belongs to the endo-P-glucanase family A4 (Biguin, 1990) . It is a periplasmic enzyme in E. coli. CelA was V. Mittendor-and J. A . Thomson purified, and a Cellulomonas $mi-type CBD was identified at the C'-terminus of CelA which was proteolytically cleaved from the CD in E. coli.
Methods
Micro-organisms, plasmids and culture conditions. Clostridium sp. ('C. longisporum') ATCC 49440 was obtained from D. H. Varel (see Varel, 1989) and cultured in an anaerobic cabinet (5% H,, 10% CO, and 85 o/ o N2 gas phase) in non-rumen fluid (NRF) medium (Caldwell & Bryant, 1966) containing 2 '/o cellobiose but without glucose or starch. Cultures were stored in Hungate tubes, at -70 "C, on N R F inedium slants containing 1-2 % (w/v) agar. E. cofi LK 1 1 1 (Zabeau & Stanley, 1982) and E. coli JM105 (Yanisch-Perron et al., 1985) were used for cloning purposes. E. coli BL21 (F-hsdS gal) (Studier & Moffat, 1986) was used for the enzyme localization studies. E. coli K514 (Wood, 1966) and E. coli BL21 were used for the purification of CelA and CelAAN' respectively. DNA fragments were subcloned into pEcoR25 1 (Zappe et al., 1986 ), pUC18, pUC19 (Yanisch-Perron et a/., 1985 or pBluescript SK (Stratagene).
Prepnrution of DNA from Clostridiwn sp. This organism produces copious quantities of an ordnge-pigmented exopolysaccharide that entraps the clostridial cells. For the extraction of DNA, the cells were grown in 1.5 1 N R F medium for 20 h and the culture harvested early in the life cycle, when the cells were still motile and little of the slime had been produced. Prior to harvesting, SDS was added to a final concentration of 0.1 YO (w/v) and the culture was agitated moderately for 5 min to prevent cell-entrapment. The cells were then washed in 50 ml solution A [ 10 mM-Tris/HCI pH 8.0, 25 '/o (w/v) sucrose], resuspended in 10 ml solution A containing 5 mg lysozyme ml-', and left for 30min at 37 "C. EDTA and SDS were added to final concentrations of 0.1 M and 2 '/o (w/v) respectively, and the progress of cell lysis, which took 10-30 min, monitored microscopically. The cell lysate was extracted once with 1 vol. phenol/chloroform/isoamyl alcohol (25:24: 1 by vol.), and twice with 1 vol. chloroform/isoamyl alcohol (24: 1, v/v) followed by H,O-saturated diethyl ether. The solution was treated with RNAase and dialysed for 24 h against TE (10 mM-Tris/HCl pH 8.0, 1 mM-EDTA).
Construction and screening of the genornic library. The Clostridium sp. chromosomal DNA was partially digested with SauIIIA restriction endonuclease, and fragments between 5 and 10 kb isolated from a sucrose gradient. These were cloned into the BglII site of the positive selection vector pEcoR25 1, transformed into E. coli K5 14, and screened on Luria-Bertani (LB) medium (Maniatis et al., 1982) containing 1 7' 0 (w/v) carboxymethylcellulose (CMC). The plates were stained with Congo red (Teather & Wood, 1982) to identify CMC-degrading clones.
DNA manipulations and sequencing. CMCase-positive clones pCM4 and pCM64 were isolated, mapped with restriction endonucleases and subcloned according to standard procedures (Maniatis et a/., 1982) . The subcloning and sequencing strategy is explained in the legends to Figs 1 and 2. The complete sequence of 3620 bp, containing the celA gene and flanking regions, was assembled from the sequences obtained from pCMC, pCMJI and pCMJII : the former carried the 5'-truncated celA gene plus the downstream region; the latter two carried the 5'-part of the celA gene and the 5'-upstream region. The DNA was sequenced in both directions, using clones carrying overlapping deletions obtained by EaxoIII exonuclease degradation.
Enzyme localization studies. Cultures of E. coli BL2l(pCMI) and BL2l(pCML) inoculated from single coionies were grown in LB medium containing 200 pg ampicillin (Ap) ml-I. IPTG was added to a final concentration of 0.5 mM during the exponential phase of growth to induce the lac operon, since P-galactosidase was used as a marker enzyme. The cultures were harvested at OD,,, 1.C1.4. Due to the instability of both plasmids, serial dilutions of the cultures were plated on CMC-containing LB medium, with and without antibiotic selection, to ascertain that all cells contained the plasmids and were expressing the celA gene. The cells were harvested and fractionated by the osmotic shock procedure (Nossal & Heppel, 1966) . The resulting cellular fractions were assayed for CMCase, P-galactosidase and alkaline phosphatase activity.
Enzyme assays. CMCase activity was measured using the dinitrosalicylic acid method as recommended by the Commission on Biotechnology (Ghose, 1987) , but the volumes were scaled down to permit the use of Eppendorf tubes. Assays were done at 43 "C in 50 mM-sodium acetate buffer pH 5.0. The purified CelA and CelAAN' samples were diluted in a solution of 50 pg BSA ml-' to stabilize the enzymes. P-Galactosidase and alkaline phosphatase activities were assayed according to Miller (1972) and Brickman & Beckwith (1 975), respectively.
PurlJcation of CelA. E. coli BL21(pCML) was grown to a final OD,,, of 1.1 in 4 1 LB medium containing 150 pg Ap ml-I. A periplasmic extract, obtained by subjecting the cells to osmotic shock (Nossal & Heppel, 1966) , was applied to a Q-Sepharose anion-exchange column (Pharmacia) and the CMCase activity eluted in a linear gradient of 50-200 mM-NaC1 in 10 mM-Tris/HCl pH 7.5. CMCase-containing fractions were pooled and analysed by SDS-PAGE.
Purlfication of intracellular CelAAN'. E. coli K5 14(pCMI) was grown to a density of OD,,, 1.1 in 2 1 LB medium containing 150 pg Ap ml-'. The cells were harvested, resuspended in 15 ml 50 mM-NaC1, disrupted in a French pressure cell, and centrifuged (39000 g for 20 min at 4 "C) to obtain the cell-free extract. The cell-free extract was subjected to a pH-precipitation step by the dropwise addition of 0.1 M-HCI to a pH of 4.6. The suspension was centrifuged as above, and the pH of the supernatant increased to 7.0 by the addition of NaOH. The pH-precipitated extract was applied to a Q-Sepharose Fast Flow anionexchange column (as above). CMCase-containing fractions were pooled and applied to a Bio-Gel P-200 gel filtration column (Bio-Rad). Fractions containing CMCase activity were analysed by SDS-PAGE.
N-terminal amino acid sequencing. The N-terminal amino acid sequences of CelA and CelAAN' were determined on a gas-liquid solidphase sequencer constructed as outlined by Hewick et al. (198 1) and Brandt et al. (1984) . The converted phenylthiohydantoin amino acids were identified, by an isocratic on-line HPLC system, on a 3 x 250 mm 3 p Lichrospher C,, (Bishofl) column (Lottspeich, 1985) .
Cellulose-binding studies. A periplasmic extract of E. coli LK 1 1 1 (pCML) was prepared and applied to a Q-Sepharose anionexchange column as above. CMCase-containing fractions were pooled and used for the Avicel-binding experiment, as described by Ferreira et al. (1990) with minor modifications. A 5 ml sample was mixed with 5 ml 5 % (w/v) Avicel, suspended in 0.1 M-Tris/HCl pH 7.5 and incubated on a shaker at 0 "C for 1 h. The suspension was filtered through a small column and the eluate containing the unbound proteins was kept, while the Avicel was washed twice with 10 ml 0.1 M-Tris/HCI pH 7.5. The bound proteins were eluted with 5 '10 (w/v) SDS at room temperature. Samples were analysed by SDS-PAGE.
Substrate specijicities. The activity of purified CelA on barley Pglucan, lichenan, laminarin and oat spelts xylan (all obtained from Sigma) was determined according to the CMCase assay described above, except that the substrates were used at the following concentrations:
In all except the xylanase assay, the release of reducing sugars was expressed as glucose equivalents using a glucose standard curve. For the xylanase assay, a xylose standard curve was used. The breakdown products of cellobiose, -triose, -tetraose, -pentaose (Sigma) and cellohexaose (Merck) incubated with purified CelA were analysed. The reactions were performed at 43 "C and contained 8 mg substrate mI-', 30 mMNaCI, 8.1 mM-sodium acetate buffer pH 5.0 and 0.5 units CelA ml-'. Aliquots (15 pl) of the reactions were analysed at specified time intervals on a Beckman HPLC system with a pBondapak C18 column (Waters). HPLC-grade H 2 0 was used as solvent and the cellodextrins were eluted in a flow rate gradient increasing from 0.5 to 4 ml min-'.
Ditialent cation inhibition study. Purified CelA was dialysed for 24 h at 4 OC, with three buffer changes. against 2 1 solution containing 50 mM-NaCl, 10 mM-Tris/HCl pH 7.5 with 0.1 mM-EDTA added to scavenge metal cations. CMCase activity was assayed as above in reactions that contained 200 p~ unchelated metal cations.
SDS-PAGE and zynzograms. SDS-PAGE was performed as described
by Laemmli (1 970). The gels (10 Yo, w/v, acrylamide) were stained with PAGE Blue 83 (BDH). Molecular size standards were obtained from Pharmacia. Zymograms were performed as described by Beguin (1983) and modified by Sharma & Sandhu (1986) . CMC (0.1 %) was incorporated in the polyacrylamide gels. SDS and mercaptoethanol were added to the samples, which were not boiled prior to loading. After electrophoresis, the gels were washed four times with 500 ml 10 mM-LiCl for 15 min, followed by four washes with H,O to remove the SDS. After an overnight incubation at 43 "C in 50 mM-sodium acetate buffer pH 5.0, the CMCase activity was visualized by staining with Congo red.
Protein assays. The Bio-Rad protein assay was used to quantify proteins. BSA fraction V (Boehringer Mannheim) was used as a standard.
Results

Construction and screening qf the genomic library
Approximately 12000 clones with an average insert size of 5 kb were obtained for the genomic library. Screening for CMCase activity produced 40 clones, which were placed into six groups according to similarities of endonuclease restriction patterns. pCM4 (Fig. 1) Initially it was thought that the external 2 promoter P, was required for the expression of celA and could not be replaced by P,,, on pCMC or pCMH. However, later sequence determination of the first 15 N-terminal amino acid residues of the enzyme purified from pCMI showed that it was an N-terminal fusion protein, termed CelAAN'. Expression of the gene, termed celAAS', was found to be initiated from an in-frame ATG codon in the vector DNA (Fig. 3a) . The first seven amino acids of the mature protein were derived from the vector, pEcoR25 1, and the next eight corresponded to the DNA sequence of the celAA.5' gene on pCMC. This fusion protein lacked a signal sequence and the start methionine was not present in the mature protein. A similar fusion protein was not formed in pCMC or pCMH, due to the lack of a suitable ATG start codon in-frame with celAA5'. This finding led us to investigate clone pCM64 (Fig. 2) , which contained the same gene but had weaker CMCase activity as seen on CMC plate assays (results not shown). Restriction endonuclease analysis of pCM64, and sequence analysis of pCMJI and pCMJII, showed that pCM64 contained the full-length celA gene, together with 1358 bp of 5'-upstream sequence (Figs 2 and 3b) . A contiguous sequence of 3620 bp of Clostridium sp. DNA (GenBank accession number L02868) was obtained by assembling the sequence obtained from pCMC (celAA5' and the downstream sequence), together with the sequences from pCMJI and pCMJII (celAA3' and the upstream sequence) ; the nucleotide sequence and the derived amino acid sequence are shown in Fig. 4 . The   Fig. 2 . Restriction maps of the full-length celA gene on various plasmids, and sequencing strategy. pCMJII and pCMJI contain the 2.65 kb HindII fragment of pCM64, cloned in both orientations into the EcoRV site of the vector pSK. During these subclonings, 720 bp of the 3' end of celA were deleted as indicated by celAA3' in the diagram. Selected Ex0111 deletion derivatives were sequenced as indicated by the arrows below the maps of pCMJ1 and pCMJII. pCML was constructed for the purification of CelA encoded by celA. The 3' end of the celA gene was spliced onto the 5' end of the celAA3' gene by cloning the 1.4 kb XbaI-SruI fragment of pCMC (see Fig. I ) into pCMJI-23 (the ExoIII-shortened derivative of pCMJI shown with the solid arrow) cut with XbaI and HindII (the latter site being in the multiple cloning site, mcs). Restriction sites of selected endonucleases are indicated as follows : B, BglII; E, EcoRI; Ev, EcoRV; H, HindIII; Hd, HindII; K, KpnI; P, PsrI; S, SacI; St, StuI; X, XbaI; Xh, XhoI. Hd/Ev and St/Hd are the HindII-EcoRV and the Stul-Hind11 cloning junctions, respectively. mcs, multiple cloning site containing other unique restriction sites as indicated by the wedge-shaped segment. celA ORF is 1548 bp long and stretches from nucleotides 1246 to 2794 in the sequence. Homology comparisons with other cellulases revealed that CelA belongs to family A4 (Biguin, 1990) . The celE gene, encoding EGE of C. thermocellum (Hall et al., 1988) , shows 59% DNA sequence homology in a 1040 bp fragment, and 48.4% amino acid homology in a 374 amino acid fragment, with celA and CelA, respectively.
Enzyme localization of CelA AN' and CelA
Fifty-eight percent of CelA was exported to the periplasm in E. coli BL21, while 94% of CelAAN', lacking the signal sequence, was retained in the cytoplasm (Table 1) . This confirmed the DNA sequence of the celA and celAA.5' genes, as the former contains a signal sequence, while the latter does not. N-terminal amino acid sequence determination of the purified CelA protein showed that the first 26 residues encoded by ceIA constituted a typical signal sequence which is cleaved off. The sequence of the first five residues of the mature CelA protein was determined and found to be Ile-Ser-Arg-Asn-Pro (Fig.  3 b) .
Piirijication of CelAAN' and CelA, and proteolytic cleauage of CeIA To aid purification, the copy numbers of the celAA.5' and celA genes in E. coli were increased by subcloning them from the low-copy-number vector pEcoR25 1 to the highcopy-number vectors pUC19 and pSK to obtain pCMI and pCML, respectively (Figs 1 and 2) . The intracellular CelAAN' was purified from a cell-free extract, while CelA was purified from the periplasmic fraction (Table 2 , Fig. 5 ). Unlike the intracellular CelAAN', the periplasmic CelA was prone to proteolytic truncation when purified out of E. coli strains LK111 or K514. When CelAcontaining fractions from the ion-exchange column were subjected to zymogram analysis, two CMCase bands with apparent mobilities of 57 and 47 kDa were detected (Fig. 6a) . The larger band corresponded to the fulllength CelA protein while the smaller band, as will be shown later, was the product of proteolytic cleavage at or near the putative linker region (Fig. 4) , leading to the removal of the CBD to form CelAACBD. To avoid this proteolytic degradation, E. coli BL21, which lacks the OmpT protease, localized to the outer membrane, and the lon protease (Grodberg & Dunn, 1988) , was used for the purification of full-length CelA, which was less contaminated with the truncated derivatives (compare lane 8, Fig. 5b, with lane 6, Fig. 6b) .
Three pools of CelA were obtained from fractions eluted from the anion-exchange column (Fig. 5 b) . Pool I, which contained no CelAACBD, corresponded to the major part of the protein peak, while pools I1 and 111, containing small amounts of CelAACBD, were collected before and after the main peak, respectively. Pools I1 and I11 had a slightly higher specific activity than pool I (Table 2b) , because the truncated CD (CelAACBD) had a higher activity on CMC than the full-length enzyme. This could also be seen on the zymogram of CelA and CelAACBD (Fig. 6a) . Higher specific activity of the truncated CD on soluble substrates has also been Fig. 5 . SDS-PAGE analysis of the purification of (a) CelAAN' from E. coli K514(pCMI) and (6) CelA from E. coli BL2l(pCML). Lanes: 1, 6 and 7. molecular size markers; 2, cell-free extract (80 pg); 3 , pH-precipitated extract (64 pg); 4, pooled fractions from the ion-exchange column (20 pg): 5, pooled fractions from the gel-filtration column (3 pg); 8, 9 and 10, pool I fractions from the ionexchange column (5.7 pg, 17.0 pg and 56.8 pg, respectively); 1 1 , pool I1 (58.4 pg); 12, pool I11 (38.7 pg). reported for other cellulases prone to proteolytic cleavage Hansen et al., 1992; Fierobe et al., 199 1) .
Cellulose-binding studies
In cellulose-binding assays the full-length CelA (57 kDa) bound to Avicel (Fig. 6b, lane 8 ) and had to be eluted with 5 % (w/v) SDS. The proteolytic degradation product, CelAACBD (47 kDa), did not bind to the Avicel (Fig. 6b, lane 7) . The faint CelAACBD band in lane 8 might be due to insufficient washing of the Avicel column, but it is also possible that CelAACBD has another, weaker cellulose-binding region. CelA could be eluted from the Avicel column using 1 O/O (w/v) SDS. The least-stringent non-denaturing conditions to elute CelA from the Avicel were found to be 1 YO (w/v) urea at room temperature. Cold distilled H,O did not elute CelA from the Avicel, in contrast to endoglucanase E of C. thermocellum (Durrant et al., 199 1) ; guanidinium chloride caused only limited desorption (Gilkes et d., 1988) . p H and temperature optimu and stability of CelA pH 4.8 was optimal for CMCase activity; 50% activity was obtained at pH 4.3 and 6.8 (results not shown). The temperature optimum was 43 "C and corresponded closely to the temperature stability of CelA, which was and e ) G6+CelA after 7.5 min, 15 min and 145 min incubation at 43 "C, respectively. G2 appears as a doublet and should not be mistaken for G1 plus G2. Symbols: G1, glucose; G2, cellobiose; G3, cellotriose; G4, cellotetraose; G5, cellopentaose ; G6, cellohexaose. determined by measuring CMCase activity after 2 h incubation of the enzyme at selected temperatures (results not shown). CelA was found to be stable at 45 "C, but higher temperatures reduced the enzyme activity rapidly. The optimal temperature for CelA activity corresponded with the temperature of the rumen environment.
Substrate specijicities
CelA had the highest activity on barley P-glucan, followed by lichenan and CMC (Table 3) . Avicel and ball-milled filter paper (Whatman no. 1) were not hydrolysed at all (data not shown). CelA was unable to hydrolyse (1+3)-p-~ bonds, but it had low activity on xylan. The ratio of CMCase activity to xylanase activity of CelA was 50 : 1 , while similar ratios of 10 : 1 and 100 : 1, respectively, have been reported for endoglucanases E and H from C. thermocellum (Beguin, 1990) . Methylcellulose (0.04 %, w/v) inhibited CelA activity by 55 %, but 1 mM-glucose and 1 mM-cellobiose did not have an inhibitory effect (data not shown).
HPLC analysis of cellodextrin degradation
CelA had no activity on cellobiose (G2), but cellotriose (G3) was partially degraded to cellobiose and glucose (Gl) after 24 h. Cellotetraose (G4) was degraded completely to G2 (85%), G 3 and G1 after 16 h. Cellopentaose (G5) was rapidly converted to G3 and G2 in 2 h (results not shown). The degradation of cellohexaose (G6) proceeded very rapidly (Fig. 7) . G5 and G4 were formed as intermediate breakdown products during the degradation of G6, but the final products were G3, G2 and GI. CelA clearly demonstrated a preference for larger cellodextrins.
Eflects of divalent cations on CelA
Mn2+ and Hg2+ inhibited CelA, while Ca2+, Ni2+, Zn2+, Mg2+ and Cd2+ had no significant effect (Table 4 ). Co2+ enhanced CelA activity by 44 YO. The enhancing effect of Co2+ was also observed with the non-dialysed enzyme preparation; 10 ~M -C O~+ was suficient to enhance the activity by 20-30 YO (results not shown). The addition of 1 rnhl-2-mercaptoethanol or 0.5 mM-DTT did not have an effect on the CMCase activity, suggesting that Co2+ probably does not affect the redox potential (results not shown). The enhancement of cellulase activity by Co2+ has, to our knowledge, not been reported previously, but an exo-P-glucanase from Ruminococcus Javefaciens FD-1 was moderately inhibited by Co2+ (Gardner et al., 1987) .
Discussion
celA is the first gene from Clostridium sp. ATCC 49440 to be cloned and genetically analysed, since the organism has only recently been reisolated from the rumen of a bison by Varel (1989) . The gene was sequenced and found to belong to the large and well-characterized endoglucanase family A4, as reviewed by Beguin (1990) and . The derived amino acid sequence of CelA shows high homology with EGE from C. thermocellum and with other endo-( 1 +4)-/3-glucanases from ruminal bacteria (Butyriuibrio Jibrisoluens H17c, Ruminococcus albus F-40 and SY3) that are closely clustered on the same branch in the unrooted phylogenetic tree of family A (Gilkes et a/., 1991 a) . The DNA sequence was confirmed by the determination of the N-terminal amino acid sequence of purified CelA and CelAAN', and by the localization of the CelA and CelAAN' cellulases in E. coli. The molecular mass of CelA, 57 kDa as determined by SDS-PAGE, corresponded with the calculated molecular mass (57.5 kDa) of the gene product of the entire celA gene. This does not, however, take into account the cleavage of the signal sequence, which should increase the mobility of the mature protein on SDS-PAGE.
Endoglucanase E of C. thermocellum, which is 48% homologous to CelA, was found to be secreted into the periplasm of E. coli even when the signal sequence was removed . This was also found for the xylanase, XY LA, from Pseudornonas j7uorescen.s subspecies cellulosa, in which serine-rich internal signal sequences were identified (Hall et a/., 1989) . In contrast, the export of CelA into the periplasm of E. coli was found to be dependent on the presence of the N-terminal signal peptide. The incomplete translocation of CelA to the periplasm (58%) could be ascribed to the inefficient recognition of the Clostridiunz sp. signal peptide by the E. coli secretion system.
CelA was found to have a modular structure, consisting of an N-terminal CD of 408 residues (including the signal sequence) and the C-terminal CBD of 97 residues. These are joined by a putative linker region of 11 residues, containing two proline and six threonine residues. In their review of the modular structure of pglycanases, Gilkes et al. (199 1 a ) point out that the linker regions of many p-glucanases are rich in proline and hydroxyamino acid residues. The deletion of 134 residues from the C-terminal end of the CelA CD caused the loss of its hydrolytic activity, as ceIAA3' on pCMJI did not produce an active endoglucanase. The cellulose-binding study suggested that the CelA CD might contain another weak cellulose-binding region, because a small but significant amount of CelAACBD was still bound to the Avicel after two washes, and eluted together with the full-length CelA in 5 % SDS. This small quantity of 'bound' CelAACBD could, however, also be due to inadequate washing of the Avicel column.
The duplicated 24 amino acid segments present in most C. thermocellum cellulases, and also in C. cellulolyticurn EGA, (Beguin, 1990) are absent in CelA. Since these repeats are thought to be required for the binding of the cellulases to the S, protein of the cellulosome (Tokatlidis et a/., 1991 ; Fujino et a/., 1992; Salamitou et a/., 1992) , it is possible that the Clostridium sp. does not have such a cellulosome structure. An alternative model for bacterial cellulases, where the individual cellulases are not involved in binding to a multi-protein cellulolytic complex, has been proposed for P. fluorescens subsp. cellulosa Hazlewood et al., 1992) .
Proteolytic cleavage between the catalytic and cellulose-binding domains has been described for a number of p-glucanases (Hall et al., 1989; Hansen et a/., 1992; Fierobe et a/., 1991; Gilkes et a/., 1988 Gilkes et a/., , 1989 Jauris et a/., 1990) . The difference in molecular masses of CelA and CelAACBD (calculated from the sequence data and determined by SDS-PAGE analysis) confirms that the proteolytic cleavage of CelA takes place in or near the proposed linker region, as is the case for many of these modular-type P-glycanases (Gilkes et al., 199 1 a) . The use of E. coli BL21, which lacks the outermembrane-associated OmpT protease and the /on protease (Grodberg & Dunn, 1988) , greatly reduced the cleavage of CelA which was experienced with E. coli strains L K l l l and K514 during purification. It is interesting that the intracellularly situated CelAAN' was not prone to proteolytic truncation in any of these E. coli strains.
The CBD of CelA shows amino acid sequence homology with other bacterial C.Jimi-type CBDs . The CelA CBD does not, however, contain the two conserved cysteine residues which are present in all other known CBDs with the exception of that from Butyrivibrio Jibrisolvens. These two residues have been proposed to form extended disulphide bonds in C.fimi-type CBDs.
